The rates of mutation to the mar (monoclonal antibody-resistant) genotype of individual influenza virus plaque isolates, obtained from a stock generated after two successive cloning steps, have been determined by the fluctuation test. When a random sample of 60 clones was analyzed, 7 contained a proportion ofmar mutants significantly higher than the average, and among them, 2 showed a mutation rate two to three times higher than the average value obtained for the virus population when the hemagglutinin-specific monoclonal antibody 2G10 was used. In order to look for mutants with higher mutation rates, a systematic search was carried out with a nonmutagenized virus stock, and several clones with increased mutation rates were isolated. One of them (mut43) was characterized further and was shown to have a mutation rate three to four times higher than that of the virus population at the sites defined by two nonoverlapping, hemagglutinin-specific monoclonal antibodies as well as at the site defined by a neuraminidase-specific monoclonal antibody. These results indicate that the mutation rate of an influenza virus is a weighted average of the contributions of a heterogeneous population. The consequences of this fact for the adaptive evolution of influenza viruses are discussed.
The rates of mutation to the mar (monoclonal antibody-resistant) genotype of individual influenza virus plaque isolates, obtained from a stock generated after two successive cloning steps, have been determined by the fluctuation test. When a random sample of 60 clones was analyzed, 7 contained a proportion ofmar mutants significantly higher than the average, and among them, 2 showed a mutation rate two to three times higher than the average value obtained for the virus population when the hemagglutinin-specific monoclonal antibody 2G10 was used. In order to look for mutants with higher mutation rates, a systematic search was carried out with a nonmutagenized virus stock, and several clones with increased mutation rates were isolated. One of them (mut43) was characterized further and was shown to have a mutation rate three to four times higher than that of the virus population at the sites defined by two nonoverlapping, hemagglutinin-specific monoclonal antibodies as well as at the site defined by a neuraminidase-specific monoclonal antibody. These results indicate that the mutation rate of an influenza virus is a weighted average of the contributions of a heterogeneous population. The consequences of this fact for the adaptive evolution of influenza viruses are discussed.
Influenza A viruses constitute a paradigm for a genetically variable system. They are extremely heterogeneous in sequence, to the extent that differences can be detected among individual plaque isolates of a virus stock (1) and among viral isolates obtained during a single outbreak (6) . Like other RNA-containing viruses, they fit the quasispecies model for virus populations (2, 3) .
This considerable genetic heterogeneity provides the basis for evolutionary adaptation and for the flexibility of the virus to cope with the changing, mainly immunologic, selective pressures of the environment. In this context, it is apparent that there is a scarcity of information about the genetic factors affecting the generation of variability. This is not surprising in view of the difficulties found in measuring the mutation rates of influenza viruses and other RNA-containing viruses. Both direct and indirect procedures have been used to measure mutation rates; the repetitive sequencing of a segment 8 RNA from virus stocks generated from individual plaques gave a frequency of viable mutations of 1.5 x 10-per nucleotide per infectious cycle (9) . Although it does not provide true rates of mutation per nucleotide, the frequency of occurrence of monoclonal antibody (MAb)-resistant (mar) mutants in a virus stock has been used to compare the variability of influenza viruses (7, 11) . However, neither approach is practical in the study of the genetic basis of variation, since the first requires an overwhelming experimental effort and the second suffers from methodological drawbacks that might make the interpretation of results difficult (12) .
We have recently described an experimental approach which avoids the phenotypic hiding of mar mutants in wild-type envelopes and is able to detect the mar genotype. This procedure has been used to determine the mutation rate of influenza virus by the fluctuation test (14) . Although it does not provide rates of mutation per nucleotide, this experimental approach is useful to compare the variability of influenza viruses and to gain insight into the genetic basis of variation.
In this report, we compare the rates of mutation to the mar genotype of several influenza virus clones and describe the isolation of spontaneous mutator mutants.
MATERIALS AND METHODS
Viruses and cells. The MDCK cell line was obtained from the American Type Culture Collection at passage 53 and was used within the following 20 passages. The conditions for cell culture were as described previously (8) . Influenza A/Victoria/3/75 (VIC) virus was plaque purified twice and used to prepare low-multiplicity stocks (14) . A virus stock at passage 9 served as the starting material for this study.
MAbs. MAbs M58/p7/c (p7), M234/2/G10 (2G10) (hemagglutinin specific [5] ), and M234/1/G10 (1G10) (neuraminidase specific) were gifts from J. A. Melero.
Plaque assay. Plaque assays were performed as described previously (13) plaque and hence was amplified further; (ii) the virus particle that gave rise to the plaque was a mutator mutant, and hence the proportion of mar mutants in the clone was higher than normal; and (iii) the genome on which the mar mutation occurred had (or acquired) another mutation(s) that increased its fitness relative to competing genomes. The first and last of these alternatives are partially exclusive, since those mar mutants that did not appear in the early infection cycles would not have the opportunity to compete further in the development of the plaque.
To test these alternatives, five clones that showed three or more resistant plaques in the test were selected for further analysis by the fluctuation test, i.e., 10 plaques from each clone were isolated and tested for the presence of mar mutants to determine their mutation rates. The results are shown in Table 1 . In addition to viral clones with mutation rates not distinguishable from that of the VIC strain (Cl, C2, and C5), other clones (C4 and C3) showed a mutator phenotype, i.e., they had a mutation rate two to three times higher than the average. From these results, it can be concluded that the mutation rate of an influenza virus, like other phenotypic parameters (2), is not invariant for every viral clone. Rather, the mutation rate of the virus reflects a weighted average of the mutational contributions from a heterogeneous population. In addition, the frequency of clones with a mutator phenotype was surprisingly high and suggested the feasibility of isolating mutator mutants by direct screening from nonmutagenized virus populations.
Screening for mutator mutants. In order to isolate mutants with stronger mutator phenotypes (for instance, -10 times higher than that of "wild-type" virus), a screening procedure was devised. The rationale for the screening was based on the fact that for the wild-type VIC strain, the probability of isolating a plaque resistant to MAb 2G10 was 0.5 when a sample size of 1.3 x 104 PFU was used (see Materials A nonmutagenized virus stock, prepared at passage 9 after two successive cloning steps, was plated in the absence of MAb, and plaques were picked at random. A sample of approximately 1,000 PFU from each plaque was plated in the presence of excess MAb 2G10. This sample is about 1/10 the amount of virus required to have a 50% probability of finding a resistant plaque (see Materials and Methods and Table 1 ). Those clones showing at least one resistant plaque (+) were plated in the absence of MAb, and 10 plaques were picked at random and tested as described above. If two or more of the progeny clones showed resistant plaques, the original one was considered a presumptive mutator mutant and tested further by the standard fluctuation test (Fig. 1). tuation test. A diagram showing the screening procedure is presented in Fig. 2 .
Of three presumptive mutator mutants, two showed a mutation rate clearly higher than that of wild-type VIC virus. The results corresponding to clone 43, hereafter named mut43, are presented in Table 2 . It could be argued that mut43 is not a real mutator mutant but rather that it has a genetic change in the hemagglutinin gene that allows for an increased possibility of appearance of mar mutants at the site defined by MAb 2G10. To clarify this point, the rate of mutation to the mar genotype with MAb p7 was determined. The results obtained are shown in Although no obvious phenotypic changes were apparent in the mut43 virus, i.e., the yield after low-multiplicity infection, the average size of subclones, and the infection kinetics were indistinguishable from those of the VIC strain, a complete phenotypic characterization of the mut43 virus is not yet available. In this context, determination of the physical and genetic stability of the mut43 virus will be especially interesting.
Some quantitative considerations can be made from the results presented above. The high proportion of mutator mutants present in a nonmutagenized virus population is surprising. Two of 60 clones showed a mutation rate two to three times higher than that of wild-type VIC virus. The apparently lower proportion obtained during the ad hoc screening (2 of 568) may not be meaningful, since the screening was set up to identify mutants with a mutation rate 10 times higher than that of VIC virus, and hence most of the clones showing a mutation rate only two to three times higher than that of VIC virus would not be identified. From the proportion of mutator mutants in a random sample of clones (2 of 60) and the average increase in their mutation rate over that of the general virus population (three to four times), it can be calculated that up to 13% of the mar mutants in a virus generation would appear in the genetic context of a mutator mutant. If the assumption that a mutator mutant increases the mutation rate at any site in the virus genome is accepted, the proportion of mutator mutants in the population would increase upon virus multiplication. However, such a continuous increase would be limited by the loss of viability inherent in the increase in the mutation rate. It follows, therefore, that influenza virus would tend to multiply with the lowest replication fidelity compatible with the population viability limit, the error catastrophe (3), i.e., the proportion of mutator mutants would be in a dynamic equilibrium between their fast appearance and their elimination by outcompetition mediated by fitter variants. The fact that the mutator mutants isolated showed a mutation rate only three to four times higher than that of the wild-type VOL. 66, 1992 virus, despite the design of the screening, is in line with this proposal and with the results of Holland et al. (4) , indicating that the proportion of mutants in a virus population can be increased only in a limited way by chemical mutagenesis.
In conclusion, an influenza virus population is heterogeneous in its mutation rate and shows a high proportion of mutator mutants. This property allows a fast adaptation of the virus to the changing environment.
